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Atomic force microscopy was used to study the morphology of GaAs buffer layers and the density
and height distributions of self-assembled InGaAs quantum (@) grown on these buffers by
molecular-beam epitaxy. The surface roughness and terrace size of 500 nm thick buffers were found
to be independent of substrate preparation technique, but did vary depending on whether the buffers
were grown either continuously, with a pulsed start, or with a final anneal. A short anneal at the QD
growth temperature increased both the size of the surface features and the height of mounds on the
buffer grown with a pulsed start. The variations in dot distributions on these three buffer types were
similar, indicating that the length of step edges does not determine the density of QDs. The standard
deviation in dot density was found to vary from 16 to 28% of the average dot density across the
central 26< 26 mn¥ region of the 5 cm wafers. The standard deviation in dot height was 10% or
less of the average height. An inverse relationship was found between the dot height and density
distributions, suggesting that a uniform amount of QD material was deposited on the wafers, but that
the nucleation of the dots was nonuniform.
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[. INTRODUCTION Il. EXPERIMENTAL METHODS

Numerous devices that utilize quantum d¢@Ds) be- Specimens were grown by molecular-beam - epitaxy
cause of their unique optical and/or electronic properties aréMBE) on 5cm (2in.) diameter, S|-doped(100)10.03_° :

. L GaAs substrates. The MBE system has been described in
under development. For production, the majority of thesedetail elsewheré® The thickness variation across wafers
devices will require that the density and size of the dots b%rown in this system has been measured to be less than
consistent or have controlled variations across the surfaces gfys o, /mmt° and the temperature variation across the wafer
wafers on which the devices are processed. Several studi@sestimated to be 5 °C.
have examined the wafer-to-wafer differences in QD density
as a function of growth conditiodfsHowever, the lateral
distribution of dot density across the wafer surface has not
been previously reported.

Studies have shown that substrate aging and pregrowtl
etching can cause substantial changes in buffer laye
roughnes$:? It has also been shown that different buffer
growth conditions can lead to quite different surface mor-
phologies, from step flow growth to moundifig. It might
be expected that these differences in buffer morphology
would lead to differences in QD formation.

We describe here the influence of substrate preparatior
methods and buffer layer growth conditions on buffer layer
roughness. We identify distinct buffer layer morphologies re-
sulting from different growth conditions and examine the
influence of these on QD distributions. We also describe the
lateral variation in dot density and height across individual
wafers. Although the buffer morphology was found to have
no observable effect on the QD distribution, large variations
were discovered in the lateral distribution of dots across in-
dividual wafers.

Fic. 1. Schematic showing the positions of the 81 analysis points used to
generate maps of the QD density and height, relative to the edges and major
dElectronic mail: roshko@boulder.nist.gov flat on the wafers. The circled points are those analyzed on buffer layer
BCurrent address: College of Wooster, Wooster, OH. samples to determine the sample rms roughriggs,

1226 J. Vac. Sci. Technol. B 23 (3), May/Jun 2005 1226



1227 Roshko et al.: GaAs buffer layer morphology and lateral distribution 1227

(b)

3nm

(©

0nm

Fic. 2. AFM images of the three different buffer types studiel:pulsed start(b) continuous, andc) annealed. The images are alk3 um?.

Three different substrate preparation methods were exanwas depositedwith a continuous As overpressuiia cycles
ined: (1) “as-received” wafers had been stored fell year of increasing length separated by 10 s pauses, starting with a
in sealed epiready packages under ambient conditi®s; 1 s Ga cycle, for the initial 100 nm of growth. The remaining
“HCI etched” wafers were etched with a 1:1 mixture of 400 nm were grown continuously. The initial temperature
HCI:H,O for 1 min at room temperature and rinsed with quring growth of the pulsed start buffers was 620 °C; this
flowing deionized water(3) “PAW-HCI etched” wafers were a5 decreased to 600 °C by the time the continuous growth
etched with a 3:1:10 mixture of #,:NH,OH:H,0 for tarted. Continuous buffers were grown without pausing at

\?vimnd;t);?;e:?j tz;greritﬁ”oef, ttr?;r\]/vg:‘gfseir:r(;et'vcvtler:atntdhenr?ﬁgl 00 °C. Annealed buffers were deposited continuously at
. 600 °C and then annealed for 15 min at 600 °C.

desorption of the oxide in the MBE chamber at 620 °C with .
Prior to QD growth, the samples were cooled further to

an As beam equivalent pressure of %.20°Pa(9 . . !
X 1076 Torr). The substrate surface was monitored by reflec>30 ° C. under As overpressure, and held for 5 min to stabi-

tion high-energy electron diffraction during desorption to lize the temperature of the entire wafer. The dots were grown
confirm oxide removal. with alternating cycles of 0.25 monolayéviL) In (at a rate

GaAs buffer layers, 500 nm thick, were grown on the sub0f ~1.0 ML/s), As (5, 0.31 ML Ga (at a rate of
strates with a deposition rate ef1 um/h. Three different ~0.3 ML/s), then As(5 s), for a total thickness of 2.5 ML.
types of buffer layer were examined: “pulsed start,” “con- The wafer rotation speed during QD growth was 10 rpm.
tinuous,” and “annealed.” For pulsed start buffers, the Garhe nominal QD composition was JnGa, seAS.
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TasLE |. Buffer layer feature dimensions and step edge line intercepts.

As grown After hold at 530 °C After hold at 530 °C
Feature dimension@m) Line intercepts(/um)
Buffer Along Along Along Along [011] [011] Average
type [011] [011] [011] [0117] line line
Pulsed 690+210 250+60 1030+210 390+70 16.1+0.1 7.9+0.1 12.0
Continuous 170+40 80+20 220+50 130£20 8.8+0.2 6.3+0.2 7.6
Annealed 30+11 30+10 60+100 70+10 13.3+0.3 12.7+0.3 13.0

The buffer layer morphology and roughness, and the Q@Table ). Mounds have been observed under a variety of
density and height were measured using atomic force migrowth conditions for GaAS001) homoepitaxy, "*? and
croscopy (AFM). Imaging was performed under ambient have been proposed to result from an unstable growth mode
conditions with commercial pyramidal Si tips in tapping due to the presence of a barrier at step ed@shwoebel
mode. Each QD specimen was analyzed by taking measurearrier or diffusion bias? that inhibits the movement of
ments at an array of 81 pointsee Fig. 1 which covered the adatoms off a terrace. The influence of this step edge barrier
central 26< 26 mnt region of the wafer. The corners of the can be diminished by decreasing the adatom diffusivity.
array are 7 mm from the wafer edge, and the centers of thi the mounded samples studied here, the pause between Ga
array sides are 12.4 mm from the wafer edge. A scan size Qfulses—during the early stages of the buffer growth—
3 pm was used to eliminate the effect of small-scale localallowed the Ga to diffuse further on the surface, giving an
variations. Buffer layers were also measured withuf®  increased diffusion length. This would increase the effect of
scans at an array of nine points; these points are circled ithe step edge barrier and promote the formation of mounds.
Fig. 1. Once the mounds formed, they persisted throughout the

For the buffer layer analysis, the root-mean-squames)  pyffer growth—even when the growth rate was increased by
roughnessR,, of the AFM images was determined for each syitching to continuous deposition—giving an effectively
of the nine images and these values were averded shorter diffusion length. Mounds have also been proposed to
=[(3z=zag?/n]"2, wherez is the height of each pixel and pe the incompletely smoothed remnants of the initial sub-
n is the number of pixels The number of times the buffer sirate surface, and have been modeled with an anisotropic
step edges intercept an equally spaced grid of ten lines—fivgyplinear Kardar—Parisi-Zhang equatfoht*
horizontal and five vertical—placed on the images was mea- ag shown in Fig. 2b), the continuous buffer layer depo-

sured to give an indication of the step edge length. The QQjtion did not cause mounding in samples without the initial

images were analyzed with a computer program which ideng, ;ses hetween Ga pulses. The terraces on the continuously
tified the dot positions by finding local maxima. The programlﬁﬁrown samples are elongated alof r&;Tl] (Table ), as are

generates an image with crosses at the dot positions foun T .

the accuracy of the program was verified by visual inspection € mou_nds on the pl_“?ed start bL_Jffe_rs, |nd|cat|ng_ anisotropy
of these positions. The dot heights were determined by find" the diffusion coefficients ar sticking probabilities along
ing the average background level for the image and subtracthe [011] and[011] directions. These buffers are substan-
ing it from the height at each of the maxima identified. tially smoother than the pulsed start buffers; their rms rough-
ness values were approximately one-half of those of the
pulsed start bufferg¢Table Il). Their average feature size is
lll. RESULTS AND DISCUSSION also smaller(Table .

The three different substrate preparation techniques re- The annealed buffers have large incompletely filled ter-
sulted in quite different surface morphologies after oxide deraces[Fig. 2(c)]. These are similar to the two-dimensional
sorption, withRs of 0.5, 1.0, and 1.3 nm for the HCl etched, ML islands and holes previously observed on GaA80)
as-received, and PAW-HCI etched wafers, respectively. Aftepuffers that had been annealed for 1 h at 600 °C and
500 nm of buffer growth, there were no obvious morphologi-quenched® The sizes of the islands and holes observed in
cal differences between wafers with the three different subthis study are significantly larger than those described previ-
strate preparations, and thgs were nearly identical, rang- ously, probably because the samples in this study were
ing from 0.2 to 0.3 nm. These results differ from those foundcooled relatively slowly compared with the 2 s quench used
previously for buffers grown by organometallic vapor phasein that study@
epitaxy (Ref. 3 and will be discussed in more detail  As already described, the substrates were cooled to the
elsewhere’! growth temperature and held for 5 min prior to QD growth.

Distinct morphologies were found for the pulsed start,These extra steps are similar to annealing, but at a lower
continuous, and annealed buffers, as shown in Fig. 2. Th@emperature. To determine the influence of these additional
buffers grown by initially pulsing the Ga are moundédg.  steps on the buffer morphology, specimens of each buffer

2(a)]. The mounds are elongated along fld1] direction  type were imaged after undergoing the hold at 530(F(g.
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TasLE II. Buffer layer roughnessR, (nm)

Specimen set Pulsed start Continuous Annealed
A 0.42 0.27 0.17
B 0.47 0.19 0.18
c? 0.52 0.20 0.17
D 0.30
Average 0.43 0.22 0.17 “
Standard deviation 0.09 0.04 0.01

*The C specimens were cooled to 530 °C and held for 5 min before cooling.

3). This low-temperature anneal did not substantially change
the buffer morphology; the pulsed start buffers still have
mounds, and both the continuous and annealed buffers ar
still relatively smooth. The mound height and lateral dimen-
sions on the pulsed start buffers increased slightly after the
530 °C hold(Table | and results for Sample “C” in Table.ll
Likewise, the average island size on the continuous and an
nealed buffers increased after the 5 min ann@alble );
however, their surface roughness did ri@able Il). These
changes may be the result of a variety of effects, either ki-
netic, thermodynamic, or both. Interestingly, on the continu-
ous buffer after the 5 min anneal, there appear to be smal.
islands or hillocks at the edges of the larger 'SIQE'E@' . Fie. 3. AFM images of substrates with the three different buffer types,
3(b)]. These may result from the step edge barrier, whichyhich have undergone an additional cooling to and 5 min hold at 530 °C:

may be larger at the lower anneal temperature, and may wafe pulsed start(b) continuous, andc) annealed. AFM images from the
rant further investigation center of each wafer with QDs grown on the three different types of buffer:

. d) pulsed start,(e) continuous, andf) annealed. The images are all 3
The average number of step edge intercepts along th )?,Zmz_ © an g

length of a line was measured for the buffers held 5 min at
530 °C (Table ). The anisotropy in feature dimensions on
the buffers is reflected in the step edge intercepts. As ex- It is noteworthy that the specimens with the pulsed start
pected, there are more intercepts along lines parallel to thend annealed buffers, which have substantially more step
short dimensions of the surface features. The number of stegdge length than the continuous buffer, as indicated by the
edge intercepts is smallest for the continuously grown bufferline intercept measuremeng§able I, have smaller average
consistent with this specimen having a low rms roughnesslot densities than the continuous buffer sample. This indi-
and relatively large feature size. The pulsed start and anzates that factors other than the step edge length determine
nealed buffers—which have, respectively, a very rough surthe density of dots. From the AFM imagEig. 3(d)], it can
face and very small feature sizes—have substantially highdse seen that the dots on mounded buffers do not appear to be
numbers of interceptéby <50%), indicating a greater step aligned with terrace edges.
edge length on these two samples than on the continuous The dot heights on the three wafers are more uniform than
buffer. the dot densitiesFig. 4) and, again, the difference between
AFM images of the QDs grown on the three different wafers is smallTable IIl). The standard deviation in the dot
buffer types, taken at the center of each wafer, are alsbeight across each wafer is 10% or less of the average height,
shown in Fig. 3. From these images, it can be seen that theompared with the density for which the standard deviations
size and density of the dots are qualitatively similar in therange from 16 to 28% of the avera@Eable Ill). There is an
three different samples. Contour plots of the QD densities oimverse relationship between the dot height and density dis-
the wafers(Fig. 4), however, show substantial variations tributions for each wafer, as can be seen in Fig. 4, suggesting
across each wafer. For all three specimens, there is an areatbft the volume of material in the QDs is uniformly distrib-
the wafer where the dot density is twice that in another reuted, but that the dot nucleation was not. Potential sources of
gion. The wafer-to-wafer change in average density anchonuniform nucleation are temperature gradients and non-
height, however, is smallTable Ill) and less than the stan- uniform material distribution at the time of nucleation. Fur-
dard deviation within each wafer. ther work to investigate these possibilities is underway.
Thus, there was no obvious influence of the buffer layer To check whether the volume of material in the dots was
morphology on the QD distribution, and the large lateraldeposited uniformly, the product of the dot density and the
variations in dot distributions across wafers are not due tdeight cubedDxh®) was evaluated across the wafers. The
local variations in buffer morphology. parameterDxh® is proportional to the average volume of

(© 0nm (f) - . onm
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Fic. 4. Contour plots of the QD densitglots/um?) on the three different bufferga) pulsed start(b) continuous, andc) annealed, and of the QD height
(nm): (d) pulsed start(e) continuous, andf) annealed.

material in the dots per unit area or average thickness of th® 30% for the volume per unit area. For the annealed wafer,
QD layer. BothDxh® and the standard deviation for each the variation in volume per unit area is quite large.

wafer are given in Table Ill. For two of the specimens, Itisimportant to note that the volume approximation used
pulsed start and continuous, the volume of material is moréere assumes that the shape of the dots does not change
uniform across the wafer than either the density or heightwithin a wafer. Transmission electron microscopy measure-
For the pulsed start sample, the maximum variation in dotents have shown that the shape of InGaAs dots varies sub-
density and height are 194 and 53%, respectively, while thatantially, from pyramidal to multifaceted, for dots between
maximum variation in the “volume” per unit area is 31%. 8.5 and 13 nm taft’ This change in shape would have a
Likewise, for the continuous specimen, the maximum variasignificant effect on the volume of the dots. For the annealed
tions of 177 and 44% for the density and height are reducedpecimen, which has the largest average dot height, 10.2 nm,
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TasLE Ill. Average quantum dot density, height aBoh®.

Density (/um?) Height (nm) Dxh® (hm)
Standard Standard Standard
Buffer type Average deviation Average deviation Average deviation
Pulsed 135 38 9.4 0.9 0.108 0.007
Continuous 151 35 9.6 0.7 0.128 0.006
Annealed 134 22 10.2 0.9 0.140 0.020

the relatively large variation in dot volume across the waferstandard deviations in dot height were smaller, 10% or less

may be due to locally varying dot shapes. Shape changesf the average. An inverse relationship between the dot

may also contribute to the smaller variations in volumeheight and density distributions was found, suggesting that

found for the other two samples. the total amount of QD material deposited was uniform, al-
It is interesting to speculate on the implications of thesethough the QD nucleation was not.

results for optical device processing. The maximum devia-
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of t.he wafers are between .40 and 50%..Usmg a height cubed Apbl. Phy(s. 87,5)’].85 (260%; F. lli?irtlglia, -M. ire]l?],toailri], F. .Ar(filgr)]itz, ;Cﬁu—.

estimate for dot volume, this translates into a volume change fis g placidi, and A. Balzarotti, Appl. Phys. Leff8, 320(200D: T. J.

of ~275% and a predicted shift in peak wavelength response Krzyzewski, P. B. Joyce, G. R. Bell, and T. S. Jones, Phys. Re66B

of ~100 meV:_I'8 In addition, assuming that nonradiative pro- 201302_(2002; 0. Sue_kane, S. Hasegawa, M. Takata, T. Okui and H.

cesses are minimized to the point where device saturation iszgé‘fs/'l'ﬁcvac;o'g‘atgr' goc)'( ir?gj"_ ?Aséslfr?(égogélmer, R. Young, and P. J.

possible, the large variations in QD density, from 100 t0 \alker, Thin Solid Films412, 76 (2002.

200% maximum in the central 2:62.6 mn? square of the 5D. A. Allwood, N. J. Mason, A. Mowbray, and R. Palmer, J. Cryst.

wafers studied, would cause similarly large variations in the ,Growth 248 108 (2003.

s . . . - E. J. Heller and M. G. Legally, Appl. Phys. Let60, 2675(1992.
sensitivity or brightness of devices from different regions of 5C. Orme, M. D. Johnson, J. L. Sudijono, K. T. Leung, and B. G. O,

the same wafer. Appl. Phys. Lett. 64, 860 (1994).
5M. D. Johnson, C. Orme, A. W. Hunt, D. Graff, J. Sudijono, L. M.
IV. SUMMARY Sander, and B. G. Orr, Phys. Rev. LeT2, 116(1994).

G. Apostolopoulos, J. Herfort, L. Daweritz, and K. H. Ploog, Phys. Rev.

Three distinct buffer morphologies, with varying degrees Lett. 84, 3358(2000.
of surface roughness, were identified for buffers grown con- A: Ballestad, B. J. Ruck, M. Adamcyk, T. Pinnington, and T. Tiedje,
tinuously, with a pulsed start and with a postgrowth anneal. o, ™S ReV- Lett86, 2377(2003.

Y: p | i p 9 " SA. Ballestad, B. J. Ruck, J. H. Schmid, M. Adamcyk, E. Nodwell, C.
The surface features are consistent with growth models that nicoll, and T. Tiedje, Phys. Rev. B5, 205302(2002.
assume a step edge barrier or diffusion anisotropy. A shortr. E. Harvey, K. A. Bertness, R. K. Hickernell, C. M. Wang, and J. D.
anneal at the lower QD growth temperature was found to,,SPlett. J. Cryst. Growti251, 73 (2003.

. . . ... -S. Y. Lehman, A. Roshko, R. P. Mirin, K. A. Bertness, and K. Cobry

cause an increase in the size of the surface features, but I|tt|e(unpublisheq1
change in the surface roughness. Some increase in roughness. w. smith, A. J. Pidduck, C. R. Whitehouse, J. L. Glasper, and J.
was observed in the mounded buffer after annealing. Spowart, J. Cryst. Growtti27, 966 (1993.

Dots were grown on these three buffer types, and theirM?'\;iliiﬁh‘svogﬁs'sal"f Eé?igsgh]')psey' J. Appl. Phys, 3682(1966.
o_Ien5|_ty and _he|_ght_dlsmbu“_ons were analyzed. The varia-isy yynkel, B. Poelsema, L. K. Verheij, and G. Comsa, Phys. Rev. Lett.
tions in dot distributions on different buffer types were found 65, 733(1990.
to be similar, indicating that the buffer roughness and step"M. D. JOVEHSO% K. T. Leung, A. Birch, and B. G. Or, J. Cryst. Growth

: P 174, 572(1997).
edge length do not dete.rmme.the dot dIStI‘Ibut[IOI"I across_ W?‘“S. Y. Lehman, A. Roshko, R. P. Mirin, and J. E. Bonevich, Mater. Res.
fers. The standard deviation in the dot density across indi- goc. symp. Proc737, E13.40(2003.

vidual wafers was large, 16 to 28% of the average, while the'®c. Pryor, Phys. Rev. B50, 2869 (1999.

JVST B - Microelectronics and  Nanometer Structures



